A novel approach for a physical chemosensor for liquids based on mid-infrared (mid-IR) laser spectroscopy is presented. Mid-infrared sensor systems access chemical information directly through measuring vibrational spectra of the samples under investigation. The introduction of mid-IR Quantum Cascade Lasers (QCLs) with their high spectral power density opens up new possibilities in liquid phase sensing. This concept is predestined for transmission measurements in highly absorbing matrices, such as aqueous phases. In a first step a pulsed External-Cavity QCL (EC-QCL), tunable from 1030 -1230 cm -1 , was employed to perform transmission measurements of physiological solutions of path lengths > 125 m, thus significantly improving measurement capabilities of mid-IR sensors employing thermal light sources. Furthermore, the signal-to-noise ratios achieved compete with those obtainable with state-of-the-art FT-IR spectrometers. Results on direct determination of glucose and lactate in aqueous solutions are reported.
Introduction
Since their invention in 1994 Quantum Cascade Lasers (QCLs) have undergone a major development starting with emission of a few μW during pulsed operation and cooling with liquid nitrogen up to the emission of several Watts at continuous wave operation at room temperature [1] . QCLs emit light in the mid-IR spectral region where almost all molecules show highly characteristic absorption patterns. Therefore QCLs may be considered the key technology for a new generation of highly selective and sensitive physical chemosensors [2] . So far applications of QCLs in chemical sensing were focused on gas measurements. The sharp emission lines of distributed feedback (DFB) QCLs match the narrow rotational-vibrational absorption bands of gas molecules. This allows their selective and sensitive detection, despite of the narrow tuning range of DFBs which covers a few wavenumbers only. In liquid phase, the bandwidth of typical absorption lines lies in the order of a few tens of wavenumbers. Therefore, for liquid phase analysis, a broader spectral range than in gas sensing needs to be covered. This can be achieved by using commercially available EC-QCLs with a tuning range of up to 200 cm -1 .
In this paper we report first results on the application of a pulsed EC-QCL for the direct quantification of glucose and lactate in aqueous (Ringer) solutions. Both are important parameters in bodily fluids. The capability of direct, quantitative glucose analysis in serum as well as in full blood by mid-IR transmission measurements has already been shown [3] . When using FTIR spectrometers for this purpose, only short path lengths (~25 μm) can be realized. This compromises detection sensitivity according to Beer´s law and, even more important, reduces robustness of the resulting sensor systems as such narrow path lengths are prone to clogging. QCLs with their high spectral power density hold promise to improve sensitivity and robustness as path lengths up to 200 μm can be probed.
Experimental
A commercially available pulsed EC-QCL (Daylight Solutions Inc., USA) which provided a spectral tuning range of 200 cm -1 and a maximum peak pulse power of 350 mW was used as source for the infrared radiation. The emission wavenumber was adjusted between 1030 and 1230 cm -1 and a spectral resolution of approximately 1 cm -1 was achieved by the EC-QCLs internal broadband grating. For the acquisition of the absorption spectra the laser was operated in scan-mode, i.e. the emission wavenumber was continuously tuned between a start and a stop point. The laser output beam had a divergence of < 5 mrad.
With regard to portable sensing applications a thermoelectrically cooled Mercury-Cadmium-Telluride (MCT) detector (Infrared Associates Inc., USA) was employed. The light transmitted through the flow cell was focused on the detector element by an off-axis parabolic mirror with a focal length of 43 mm. The aqueous solutions of glucose and lactate were introduced into the beam path by standard CaF 2 flow cells of various path lengths ( Fig. 1a ). Samples were prepared with Ringer-solution and the concentrations were chosen with regard to the clinically relevant range. All hardware components were controlled by a LabView-based GUI with server-client programme structure. Detector and EC-QCL were triggered at a rate of 15 kHz whereas the detector signal was automatically corrected by an onboard baseline correction algorithm. Subsequent to the A/D conversion of the detector signal raw data were transmitted to a PC via an USB-connection, where finally the noise was removed by a Fourier-based algorithm and the absorption values were calculated according to Beer's law.
Reference data were recorded with the FT-IR spectrometer Vertex 80v (Bruker Optics, Germany). Sample spectra were acquired at a resolution of 1 cm -1 and a transmission pathlength of 125 μm. Time-resolved emission spectra of the EC-QCL were acquired with the step-scan option of the spectrometer [4] in combination with a 8 bit and 500 MS/s transient recorder board which handled the data acquisition of the time-resolved detector signals (Fig.  1b ). As infrared detector served a liquid nitrogen cooled MCT detector (Kolmar Technologies, USA). This setup provided a maximum resolution of 2 ns in the time domain and 0.1 cm -1 in the spectral domain.
Results and Discussion

Time-resolved characterization of the EC-QCL
For the determination of the EC-QCLs emission characteristics time-resolved step-scan measurements according to Fig. 1b were performed. Fig. 2 shows the results for a wavenumber scan between 1030 cm -1 and 1230 cm -1 . One can see the laser emission wavenumber being continuously tuned from the start point (1030 cm -1 ) towards the stop point (1230 cm -1 ). Once the grating stops to move the emission wavenumber remains constant which is represented by a vertical curve progression, e.g. beyond the stop position (Fig. 2a ). The curve fit in Fig. 2b reveals a slight deviation from curve linearity. 
Sensor performance
For the evaluation of the sensor performance a 100% line was recorded with the EC-QCL sensor system and the FT-IR spectrometer respectively. To achieve a 100% line two measurements of the same sample are subsequently performed and the resulting absorption is calculated. For an ideal setup this would lead to a straight line with zero absorption. In the present case pure Ringer solution in a 125 μm flow cell was measured as background and as sample. The resulting spectra are shown in Fig. 3 . Given the high water layer thickness one can observe an improved performance of the EC-QCL sensor (Fig. 3a) compared to a conventional FT-IR measurement (Fig. 3b ). 
Glucose and lactate spectra
As far as the application of the presented sensor system is concerned, detection and quantification of molecules in aqueous phase such as glucose and lactate is of major interest. Therefore, several concentrations of both analytes have been analyzed with the EC-QCL sensor (Fig. 1a ). Fig. 4a shows the recorded spectra for two distinct concentrations of glucose and Na-lactate. In order to confirm the ability of the setup to provide reliable information on the concentration values standard series were prepared and analyzed. Results for glucose are shown in Fig. 4b . Regression lines for two disctinct wavenumbers (1082 cm -1 and 1108 cm -1 ) confirm a low detection limit and a high linearity of the sensor system. Glucose in Ringer solution and the corresponding calibration lines for two distinct wavenumbers (1082 cm -1 and 1108 cm -1 ) .
Conclusion
The first application of an EC-QCL for the direct determination of the physiologically relevant parameters glucose and lactate was reported and showed promising results. Based on a sensor-like concept aqueous solutions of both analytes were successfully investigated within a layer thickness of 125 μm in a standard flow cell. Both, the EC-QCL and the detector were thermoelectrically cooled thus enabling room-temperature operation. Due to the high achievable layer thickness compared to conventional FT-IR and room-temperature operation this sensor system provides the required robustness which is essential for clinical sensor applications. Future research will focus on the multivariate evaluation of the recorded spectra for simultaneous multi-component analysis.
